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The Structural Basis for Catalysis and
Specificity of the X-Prolyl Dipeptidyl
Aminopeptidase from Lactococcus lactis
(32% identity with X-PDAP from Lactococcus), as well
as Streptococci (50% identity). According to the defini-
tion of a family, these enzymes show the same type
and specificities of catalytic activity, optimal pH, and
sensitivity to inhibitors. Moreover, their protein se-
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X-PDAP activity in lactic acid bacteria was first re-
ported by Casey and Meyer [4]. Different sources of the
enzyme were later described, implying its wide distribu-Summary
tion among lactic acid bacteria. These bacteria are
widely used in dairy industry. They are auxotrophic forThe X-prolyl dipeptidyl aminopeptidase (X-PDAP) from
several amino acids; their growth on milk requires theLactococcus lactis is a dimeric enzyme catalyzing the
hydrolysis of caseins to provide the amino acids neces-removal of Xaa-Pro dipeptides from the N terminus of
sary for the nutrition of cells. Since caseins are proline-peptides. The structure of the enzyme was solved at
rich proteins, X-prolyl dipeptidyl aminopeptidases are2.2 A˚ resolution and provides a model for the peptidase
probably essential exopeptidases for their degradationfamily S15. Each monomer is composed of four do-
[5, 6]. On the other hand, by constructing multiple pepti-mains. The larger one presents an / hydrolase fold
dase mutants, Mierau et al. [7] have observed that theand comprises the active site serine. The specificity
growth of a PepX-deficient bacteria was not impairedpocket is mainly built by residues from a small helical
in milk. Nevertheless, due to its unique substrate speci-domain which is, together with the N-terminal domain,
ficity, PepX seems to have a key role when bacteria areessential for dimerization. A C-terminal moiety proba-
grown on a peptide mixture [8, 9], suggesting that thebly plays a role in the tropism of X-PDAP toward the
role of this enzyme in bacterial metabolism is not fullycellular membrane. These results give new insights
understood.for further exploration of the role of the enzymes of
PepX from Lactococcus lactis is a dimeric proteinthe SC clan.
composed of two identical subunits of 763 residues.
Biochemical studies have shown that this enzyme is aIntroduction
strict aminopeptidase with a narrow specificity for pro-
line (or alanine or glycine with, respectively, 10- andAccording to Ollis et al. [1], four groups of enzymes
100-fold lower efficiency) in the P1 position. In the posi-contain catalytic triads and are related by convergent
tions P2 and P1, PepX accepts any residue exceptevolution toward a stable active site: eukaryotic serine
proline. At the level of its active site, PepX shares com-peptidases, cysteine peptidases, subtilisins, and the /
mon characteristics with enzymes of the S9 family (Di-hydrolase fold enzymes identified by these authors. The
peptidyl aminopeptidase B, DPAB, and Dipeptidyl pepti-core of this last fold is similar in all enzymes: an /
dase IV, DPPIV, for example) which exhibit the samesheet of eight sheets connected byhelices. However,
specificity toward proline residues. A sequence sur-the classification of peptidases is now far more compli-
rounding the active site serine (G-X-S-Y-X-G) was pro-cated. For example, the serine peptidases can be classi-
posed [10] for enzymes with such a specificity.fied into several clans and families mainly on the basis
On this basis, a common substrate recognition mech-of structural and functional similarities between en-
anism between these enzymes, corresponding to similarzymes [2]. A clan can regroup several families of pepti-
three-dimensional structures of their active site, can bedases of various specificities. Thus, the serine pepti-
postulated.dases are subdivided into several clans where enzyme
We determined the three-dimensional structure offamilies are linked by evolutionary relationships. The
PepX in order to understand the molecular mechanismsserine peptidases with an / hydrolase fold are re-
of its selectivity for proline and to establish structure-grouped in the SC clan [3] that includes 38 families of
function relationships. We report here the general fea-peptidases. PepX, the X-prolyl dipeptidyl aminopepti-
tures of this large enzyme and detailed structural infor-dase from Lactococcus lactis, belongs to this SC clan
mation on its active and specificity sites. We compareand is the prototype of the S15 family. The orthologs of
the structure of PepX with already known structures andthis enzyme are also X-prolyl dipeptidyl aminopepti-
substructures. Our comparison shows that the catalyticdases from various species of Lactococci, Lactobacilli
domain of PepX belongs to the well-known / hy-
drolase fold family, but that the whole molecule exhibits
1Correspondence: rigolet@lure.u-psud.fr special structural features described here. Their relation
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burg, Germany.
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Figure 1. Sequence Alignment of PepX Family of XPDAPs
Following sequences with their accession number (TREMBL or SwissProt) are shown: Lactococcus lactis subsp cremoris (sp P22346),
Lactococcus lactis subsp lactis (sp Q9CE11), Streptococcus pneumoniae (tn Q97RC8), Streptococcus pyogenes (tr Q99Y58), Streptococcus
gordonii (tn Q93M42), Lactobacillus rhamnosus (tr Q9RDW6), Lactobacillus delbrueckii subsp lactis (sp P40334), Lactobacillus helveticus (tr
Q59485). Shading was made on the basis of the residues identity: blue (100%), green (70%). Alignment was performed using the program
CLUSTALW [44] and shading was made using BioEdit software [45]. Residues of the active site are indicated with an asterisk.
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solved at 2.2 A˚ resolution using the multiple isomor- trated set of interactions, essentially made of salt brid-
ges and H bonds. Some secondary structure elements,phous replacement method. The crystals belong to the
P21212 space group with cell dimensions a  92.8 A˚, like the  sheet built of the 3–6 strand of N-terminal
and the 506–509 strand of the catalytic domain, alsob  102.6 A˚, and c  101.6 A˚ [11]. The asymmetric unit
contains one molecule for a solvent content of 56%. contribute to it.
Two other remarkable features are also present inThe model presented here contains all the residues. It
was refined to a crystallographic R factor of 18.4% with this large enzyme. The first one (residues 638 to 679,
depicted in cyan in Figures 2A and 2B) is a very largean Rfree of 22.3%.
loop that folds from the C-terminal and skirts around
the catalytic domain, toward the interior, suggesting that
Results it could play a role in the access of the substrate to the
active site. The second feature (residues 209 to 271) is
Overall Fold of the Enzyme a long and circular peptide (in purple, Figures 2A and
PepX from Lactococcus lactis is a homodimeric enzyme 2B) that surrounds, like a lasso, a part of the top side
with a 2-fold symmetry axis. Each monomer corre- of the molecule and links together strand 3 and helix
sponds to a broad but thin molecule whose general A of the catalytic domain. This “lasso” peptide, which
shape is reminiscent of the map of Africa (Figure 2). It comprises the helix A (residues 215 to 223) and the 
can be delimited by a parallelepiped measuring 85  strands 1 and 2, is particularly specific to PepX. In
84  37 A˚3 and folds into four distinct but continuous other aminopeptidases with / hydrolase fold, only a
domains. The largest one is the catalytic domain (in short sequence containing a helix joins strand 3 to helix
green in Figures 2A and 2B). It forms an / hydrolase A [13–15].
fold [1, 12] covalently bound to the N-terminal and C-ter-
minal domains (respectively in red and blue in Figures
2A and 2B). Located in the central part of the molecule, Structure of the Dimer and Dimer Interface
The PepX dimer is an assembly of two of the monomersit extends from residues 166 to 372 and residues 448 to
548 and contains the peptidase catalytic triad (Ser348, described above, related by a crystallographic 2-fold
axis (Figure 3A). In the following description, the twoAsp468, His498). This / hydrolase fold consists of a
ten-stranded twisted  sheet (labeled 1 to 10), flanked identical subunits are, when necessary, labeled A and
B in order to distinguish residues belonging to one oron both sides by eight helices (labeled A to F), one
short additional three-stranded  sheet (strands 2, 3, the other. The dimeric enzyme has an overall globular
shape of approximately 88 A˚  85 A˚  75 A˚ with aand 4) and several loops, some of them being particu-
larly large (Figure 2). In the main  sheet, the strand depression at its center evoking a half-open shell (Fig-
ures 3A–3C). Dimer formation decreases the accessibleorder is 1, 2, 4, 3, 5, 6, 7, 8, 9, 10, with strands 2 and
10 being antiparallel to the rest. Helices A, F, and F surface area by 1373 A˚2 per monomer, representing
4.6% of the total accessible surface area of each mono-appear onto its concave surface and helices B, C, D,
and E onto its convex surface. The extra  sheet has mer. Dimer formation buries a large part of the catalytic
domain that is normally exposed to solvent in the mono-the strand order 2, 4, 3, with 3 antiparallel to 2 and 4.
The N-terminal domain is 166 residues long and con- meric molecule, thus contributing to embed the active
site deep within the enzyme (Figures 3A–3C).sists essentially of a helical bundle of eight  helices
and three  strands (Figure 2), its last  helix connecting The dimer is essentially maintained by hydrogen
bonds. Among the buried surface residues, two thirdsto the first strand of the catalytic domain. The first strand
of the N-terminal also forms a small parallel  sheet with are polar or charged and the remaining are hydrophobic.
Several infiltrated water molecules are involved in thestrand 5 of catalytic domain. The N-terminal domain
shares no clear homology with any molecule deposited binding process contributing directly to the coherence
of the dimer.in the PDB (Protein Data Bank), but this domain is mainly
responsible for the dimerization. Three regions are particularly involved in the dimeriza-
tion (Figures 3A–3C): a depression of the N-terminalThe C-terminal domain comprises 215 residues and
is clearly detached from the rest of the molecule (Figure domain and a protuberance of the helical domain and
the catalytic domain. The formation of the most signifi-2). It presents extended sandwiched  sheets twisted
in a super helical half turn. A total of 12  strands and cant interface (Figure 3D) results from the insertion of
a helix (residues A411 to A417) from the helical domaintwo  helices are assembled in this voluminous domain.
The last domain (orange in Figures 2A and 2B), inte- of one subunit into a depression made of two short loops
(residues B83 to B94 and B43 to B58) of the N-ter-grated between Gly373 and Arg447 in the / hydrolase
fold, is the shortest one and is called here “helical do- minal domain of the second and symmetrical subunit.
Two proline residues belonging to the N-terminal do-main” because it contains only six  helices as second-
ary structure elements, one of them having only one main are critical for the interaction with the structure
described above. ProB86 (Figure 3D) lies in the middlehelix turn. It is responsible for the substrate binding
specificity and is also involved in the dimerization. Such of the B83–B94 loop facing the helical domain of the
opposite monomer. It notably helps to place AsnB87helical domains, although with different sizes and rela-
tive orientations with respect to the catalytic domain, and PheB88 in interaction positions. ProB45 is at the
beginning of another loop (B43–B58) also involved inare observed before helix D in other / hydrolase fold
enzymes [13–16]. the interface. The structural constraints ensure the twist
of the two loops and, subsequently, the anchoring ofAll the domains are assembled thanks to a concen-
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Figure 2. Three-Dimensional Structure of PepX
(A) Stereo ribbon drawing of the C backbone of the monomer of PepX. Labels Nter and Cter refer to the N-terminal and C-terminal, respectively.
The N-terminal domain is colored red, the catalytic and largest domain, green, the helical and smallest domain, orange, and the C-terminal
domain, blue. Two remarkable features are the long and circular lasso peptide, in purple, and the big loop of the C-terminal moiety, in cyan.
The catalytic triad is drawn in magenta with a ball-and-stick representation. In conformity to the description of the / hydrolase fold done
by Ollis et al. [1], the strands of the main  sheet of the catalytic domain of PepX are labeled 1 to 10, the  helices A to F, the six  helices
of the helical domain, located just before helix D, are labeled D1 to D6, and the small helix before helix F is F. Finally, the extra  strands
of the catalytic domain are labeled 1 to 5; strands 2, 3, and 4 making a small  sheet flanking the 10-strand main  sheet of the domain
and strand 5 associating with the first strand of N-terminal domain. The eight  helices and the three  strands of the N-terminal domain are
labeled na to nh and n1 to n3, respectively. In the C-terminal domain, the eight  strands forming the two sheets of the jelly-roll core are
labeled c1 to c8;  strands c1, c2, c6, and c7 as well as the two  helices ca and cb forming additional secondary elements. (B) Same as
in (A) but rotated by 90 about a vertical axis. (C) Stereo plot of the C trace of the monomer of PepX shown in the same orientation as in (A).
Every twenty-fifth residue is labeled. N refers to the N-terminal and C refers to the C-terminal.
the helical domain of the second protomer (Figure 3D). AsnB87, while the aromatic ring of PheB88 is inserted
in a pocket formed by the side chains of AsnA215,Only a small number of hydrophobic residues are in-
volved in this interface. More precisely, LeuA410 faces LysA217, AlaA218, AsnA409, LeuA410, and PheA415
(Figure 3D).ValB85, the side chain of AlaB50 is inserted between
AlaA413 and the CB-CG bond of AspA411, and LeuA416 The second dimer interface specially involves interac-
tion of the sequence A264–A268 of the catalytic domainsits in a large pocket and faces the aliphatic part of
GlnB52. Residues essentially associate through a com- (lasso peptide) of one subunit with the prominent
HisA267, which sits in a pocket constituted by residuesbination of hydrophilic interactions. The dominant hy-
drogen binding interactions involve residues ArgA293, of the second subunit belonging to the N and C termini.
SerA294, AsnA409, AspA411, GlyA412, AlaA413, PheA415,
and AspB47, AlaB50, GlnB52, AspB58, GlnB80, AspB83, The Active Site and Its Accessibility
The proximity of the N-terminal of one protomer withProB86, AsnB87, and AspB89, essentially via bridging
ordered water molecules infiltrating the interface (Figure the helical domain of its counterpart, combined with the
close packing of the two voluminous C-terminal do-3D). Finally, the aromatic ring of PheA415 interacts with
Structure of X-PDAP from Lactococcus lactis
1387
Figure 3. Structure of the Homodimer, Dimer
Interface, and Active Site Accessibility
The domains are in the same colors used in
Figure 2A. (A) Stereo ribbon drawing of the
dimer of PepX, viewed down the 2-fold sym-
metry axis that relates the two protomers.
The dimer cohesion is essentially due to the
confined association between the helical
domain of one protomer and the N-terminal
domain of its symmetric equivalent. The cata-
lytic domain is also involved in the dimeriza-
tion. (B) Stereo surface drawing of the homo-
dimer, in the same orientation as (A). The two
C-terminal domains (in blue) pack close to-
gether in the dimeric structure. The two long
638–679 C-terminal loops (in cyan) dive into
the core of the molecule in a direction nearly
parallel to the 2-fold axis, each facing the
active site of the symmetrical protomer. (C)
Stereo side view of molecular surface of the
dimer. A yellow arrow indicates the most
likely canal leading to the active site (cream,
ball and stick representation). (D) Stereo
close up view of the most significant dimer
interface. In red is the N-terminal domain of
subunit B. The helical domain, the lasso pep-
tide, and the catalytic domain of subunit A
are in orange, purple, and green, respectively.
Residues the most implicated in this dimer
interface are drawn in ball-and-stick repre-
sentation. Ordered water molecules are
shown as magenta spheres.
mains, forms two large symmetrical clefts between the the active site of the 2-fold symmetry-related molecule
and nearly crossing the entire structure (Figures 3A andtwo protomers (Figure 3C). Near their middle, they pres-
ent a narrowing almost enclosing a canal substructure 3B). As a consequence of the close packing of the two
C-terminal domains, peptide substrates could not pene-(Figure 3C, arrow). This canal probably constitutes the
most favorable way for the substrates to reach the active trate the active site from the upper side without marked
cooperation of the C-terminal loops (Figures 3A and 3B).site.
Thanks to the symmetry, the two long C-terminal In this structure, both active sites are far away from
each other and independently accessible to the sub-loops appear nearly parallel to each other, each facing
Structure
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Figure 4. Residues Interacting with the Cata-
lytic Triad
In yellow, the Ser348, Asp468, and His498
triad is in the topology that characterizes the
/ hydrolase fold enzymes. All the bonds
figuring here are less than 3.5 A˚ long. Water
molecules, drawn as purple spheres, appear
in a [Fo-Fc] difference Fourier map calculated
at 2.2 A˚ resolution.
strate at the same time (the two active serines are sepa- Phe393 are conserved residues in the S15 family (Figure
1). The pocket is shaped to receive an X-Pro dipeptiderated by more than 39 A˚). The active site is composed of
the already known Ser348 residue [10] and the putative (Figure 5B) and can be divided into three parts: the
hydrophobic proline binding site (S1), the X-aa nonspe-Asp468 and His498 catalytic residues assigned by a
combination of alignment comparison (Figure 1) and cific binding site receiving the first residue of the sub-
strate (S2), and, finally, the structure responsible for thestructural data. The catalytic triad is encountered in the
exopeptidase specificity. The size of the first pocketprimary sequence in the following order: nucleophile,
and its hydrophobic character are suitable for accom-acid, histidine. This order characterizes the / hy-
modating a proline, in agreement with the substratedrolase fold enzymes [1, 12]. The active site shows the
preference of PepX for this residue. However, it shouldtypical / hydrolase enzyme topology (Figures 2, 4,
be kept in mind that the substrate residue in positionand 5, [1, 12]). The nucleophile Ser348 is located at the
P2 is of importance since a substrate with a D-Ala inintersection of the  strand five and the following long
this position is not cleaved (unpublished data). helix C. The peptide carrying the His498 lies at the
In the S1 site (Figure 5B), the aromatic ring of theend of strand eight. It comprises a turn, one amino acid,
conserved Tyr380 insures the stacking with the pyrroli-and then His498, which is the first residue in a reverse
dine ring of Pro substrate (P1), thus allowing the nucleo-turn that is followed by the small helix F’. Finally, Asp468
philic attack of the carbon atom of the scissile bond byis in a loop separating strand seven from the helix E,
Ser348. Ile374 is also surely involved in the stacking ofthe last residue of a first turn and the first residue of a
the substrate Pro (P1) with Tyr380 and probably inter-second turn.
acts with an Ala residue when in P1 position. Trp377 isA set of residues surrounding the triad can be ob-
too far from Ser348 to play a stacking function withserved (Figure 4). They clearly interact with the catalytic
the substrate Pro. Its side chain, perpendicular to theresidues, thus helping to maintain them in an ideal con-
aromatic ring of the Tyr380, contributes efficiently toformation for catalysis. For example, Ser348 makes a
divide the specificity pocket into the two subsites S1main chain–main chain bond with Glu371, Ala372, and
and S2. Thanks to its size and the hydrophobic environ-Thr352 and is thus subjected to strong steric constraint.
ment it generates, it is likely to force the stacking of theDue to their particular environment, the main chain
proline with Tyr380. Moreover, Tyr449 helps to maintain-NH group of Tyr349 and the -OH group of Tyr210 are
the indole ring of Trp377 in its position (Tyr449 -OH issupposed to form the indispensable oxyanion binding
separated from Trp377 -NE1 by 2.9 A˚).site (Figures 4 and 5B). A Fourier difference map, calcu-
A small residue (Ala) was modeled in P2, but the S2lated at a 3 sigma threshold, reveals that H2O molecules
site can accept amino acids of varying polarity or hydro-also contribute to the positioning of the triad. One of
phobicity (Figure 5B). Leu398, Leu401, and Trp377 cre-them, in binding distance to Ser348 -OG, also makes a
ate a hydrophobic environment allowing the positioningH bond with Tyr210 -OH and is particularly well suited
of a hydrophobic side chain of a substrate (P2). Theto contribute to the hydrolysis (Figure 4).
precise positioning should depend on slight movements
of side chains of Leu401 and Trp377. In this S2 subsite,
Enzyme Specificity Arg447, Ser301, Tyr349, and probably the NE1 atom of
The following observations are based on a description Trp377 and the N atom of Gly302 could retain charged
of interactions between the tripeptide Ala-Pro-Val mod- or polar side chains of the first residue of the substrate.
eled in the active site and the residues of this site (Figure Tyr381 –OH and Glu396 -OE1 (Figure 5B) are well
5B). The specificity pocket is located at the base of the positioned to interact with and to block the amine func-
helical domain and is protected from the bulk solvent tion of the N terminus of the substrate. One or other or
by the 395–438 and the 212–229 peptides (Figures 2 and both of them can interact, depending on the chemical
5A). It is delimited by a set of hydrophobic residues nature and the size of the residue involved in the binding.
(Figure 5B): Val471, Leu398, Leu401, Leu404, Ile374, Finally, the four helix part (395–438) of the helical domain
Pro390, Phe393, Tyr210, Tyr349, Tyr380, Tyr381, Tyr449, definitely closes the front of the specificity pocket (Fig-
Trp377, and Trp444. Except for Tyr210, Tyr349, Tyr449, ures 5A and 5B), acting as an insurmountable obstacle
and Val471, all these residues belong to the helical do- for the substrates and thus preventing the enzyme from
having an endopeptidase activity. On the whole, themain and all of them except for Leu398, Leu404, and
Structure of X-PDAP from Lactococcus lactis
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Figure 5. Substrate Specificity
(A) Relative position of the helical domain to the catalytic domain (in green). In red is the region of the helical domain interacting with the
N-terminal part of the symmetrical protomer in the main dimer interface. In cyan are the structures containing the residues of the helical
domain most concerned in substrate recognition. The rest of the helical domain is colored orange and the lasso peptide appears in purple.
The 395–438 peptide fragment, responsible with Tyr381 and Glu396 for the exopeptidase specificity, is delimited by the two black spheres.
Facing the base of the helical domain and in ball and stick is the catalytic triad Ser348, Asp468, and His498. (B) A stereo close up view of
the specificity pocket where the tripeptide Ala-Pro-Val has been modeled (in lime green, -CHO in C terminus). The space comprises a set of
hydrophobic residues and authorizes the binding of an Xaa-Pro dipeptide. Except Tyr210, Tyr349, Tyr449, and Val471, all the residues of the
specificity pocket belong to the helical domain. The catalytic domain is drawn in green, the lasso peptide in purple, and the helical domain
in orange. Carbon atoms of the catalytic triad are drawn in yellow. The specificity for proline is mainly due to Tyr380, its aromatic ring insuring
the stacking with the pyrrolidine ring in substrate. The main chain -NH group of Tyr349 and the -OH group of Tyr210, the second residue of
the lasso peptide, are supposed to play the oxyanion hole. The 395–438 portion added to Tyr381 and Glu396 is expected to be responsible
for the exopeptidase activity.
395–438 portion added to Tyr381 and Glu396 are the are encountered twice and are sufficient to ensure that
the dimer is stable [17]. The stability of the dimeric struc-features responsible for the exopeptidase activity.
ture can be compared to observations that show that
PepX forms a dimer under physiological conditions.The Helical Domain
The crystal structure, presented here at 2.2 A˚ resolu-As stated previously, this domain between strand 6 and
tion, reveals an influence of dimerization on the activityhelix D of the catalytic domain is involved in both sub-
of PepX. This was observed for the human cytomegalo-strate specificity and dimerization. It is interesting to
virus assemblin proteinase [18, 19], where the two activenote that the cluster Gly385, Pro390, Gly391, Gly392,
sites of the dimer are, as in PepX, well separated andPro394, Gly395, and Gly438 causes this domain to devi-
functionally independent. Dimerization is supposed toate toward the exterior of the molecule. This deviation
regulate the assemblin activity. More precisely, dimerkeeps the helical domain out of the / hydrolase fold,
formation may be required to indirectly stabilize the as-allowing its extremity 395–438, composed of four heli-
semblin oxyanion hole [18]. In PepX, it seems that thereces, to project outside of the molecule like an anchor
is a link between the most significant dimer interface(Figure 5A). This anchor turns back due to Gly412 and
(Figures 3D and 5A) and the folding of the specificityGly418 and is flattened because of numerous interac-
pocket of the enzyme in the helical domain. Actually,tions between residues composing the two main helices:
the orientation of the helical domain compared to thathydrophobic interactions as well as salt bridges and
of the catalytic domain (Figure 5A) is markedly differenthydrogen bonds. The 395–438 protuberance thus hooks
in PepX than in proline-specific aminopeptidases (Fig-the helical domain into a depression of the N-terminal
ure 6), such as proline iminopeptidase (XCPIP) [13] ordomain of the symmetrical molecule, complementary in
prolyl aminopeptidase (XPAP) [15, 20]. PepX is the firstshape, and made mainly of the two short loops 43–58
aminopeptidase whose structure has been solved, using
and 83–94 (Figure 3D). Only residues 409 to 416 of this
this domain also for dimerization.
protuberance are directly exposed in the dimer in- The substrates, which are more specific and which
terface. result in products larger than those encountered in an
Moreover, in each monomer, the lasso peptide 209– aminopeptidase like XCPIP or XPAP, extend across the
271 as well as the loops 174–188 and 289–304 also act specificity pocket (Figure 5B). Consequently, the helical
by preventing the helical domain from contacting the domain is turned in such a position that it interacts with
C-terminal domain in one side or the / hydrolase fold the extra N-terminal domain of the symmetric protomer
in the other side (Figure 2). Finally, the interactions be- (Figure 5A), making it possible to structure the specificity
tween monomers, described above, contribute toward pocket of the enzyme and to arrange the barrier respon-
maintaining the particular orientation of the helical sible for the exopeptidase part of the activity.
domain. The N-terminal domain is characteristic of PepX; it
does not contain any intrinsic functional activity and is
Discussion not present in other aminopeptidases [13–15, 21]. This
domain has certainly been imported to the catalytic do-
Specificity versus Multidomain and Dimer main through evolution because it seems an economical
Organization way to efficiently constrain the helical domain for the
Only a small number of residues contribute to dimer design of its specificity pocket. The N-terminal domain
thus plays an indirect role in enzyme specificity.coherence but, due to the symmetry, all the contacts
Structure
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Figure 6. Comparison of the Structures of
PepX with Known Structures of Serine Prolyl-
Aminopeptidases and with Cocaine Esterase
For all panels of this figure, in blue, are the
parts of PepX superposing well or equivalent
to the compared enzyme and, in magenta,
are the structural features of PepX that do
not have any homology in the compared en-
zyme. (A) Comparison of the structures of
PepX and cocaine esterase. In green is the
structure of cocaine esterase. Except for the
helical domain, nearly the whole structure of
cocaine esterase is included in PepX. In ma-
genta, the structural features of PepX that do
not have any homology in cocaine esterase
represent 40% of the whole structure of
PepX. (B) Comparison of the structures of
PepX and proline iminopeptidase. In green is
the structure of proline iminopeptidase. Ex-
cept for the helical domain, nearly the whole
structure of proline iminopeptidase is in-
cluded in PepX. In magenta, the structural
features of PepX that do not have any homol-
ogy in proline iminopeptidase represent 66%
of the whole structure of PepX. (C) Compari-
son of the structures of PepX and prolyl oligo-
peptidase. In green is the catalytic domain
and in gold is the N-terminal propeller domain
of the prolyl oligopeptidase. Except for the
helical domain, both catalytic domains of pro-
lyl oligopeptidase and PepX superpose very
well. In magenta, the structural features of
PepX that do not have any homology in prolyl
oligopeptidase represent 64% of the whole
structure of PepX.
Functional Activity of the C-Terminal Moiety to the 2-fold axis, and faces the active site of the sym-
metrical molecule (Figures 3A and 3B). It is likely thatThe fold of the C-terminal domain (residues 549 to 763)
of PepX has the common eight-stranded antiparallel  these structures are involved in the fitting of the peptide
substrates in the specificity pocket. They could help tobarrel folding pattern. It is a 12-stranded  sandwich
twisted in a half super helix turn and flanked, on the regulate the catalysis in obstructing or facilitating the
access of the substrates to the core of the enzyme.same side, by a V-shaped planar set of two  helices
and the long and intriguing 638–679 loop (Figure 2). In Submitted to DALI [22], PepX catalytic domain and
C-terminal show a striking homology (Z score of 16.1)the dimeric structure, the two C-terminal domains are
extruded from the base of the molecule and face each with the recently published cocaine esterase (1JU3,
[23]), which also belongs to the / hydrolase fold familyother (Figures 3A and 3B). Each 638–679 loop dives into
the core of the dimer, following a direction nearly parallel (Figure 6A). If we consider the entire structures, 375 C
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Table 1. Crystallographic Data and Refinement Statistics
Diffraction Data and MIR Analysis
Native HgNO3 Thiomersal HgCl2-1 HgCl2-2
Space group P21212 P21212 P21212 P21212 P21212
Soaking concentration (mM) 1 23 1 2.5
Soaking time (hours) 22 192 24 46
Resolution (A˚) 25–2.2 20–2.7 23–2.6 20–2.4 21–2.4
Number of observations 153738 62438 113924 62480 81848
Unique reflections 46073 20661 28691 27354 32819
Multiplicity 3.3 3.0 4.0 2.3 2.5
Completeness (%) (last shell) 95.8 (95.3) 80.0 (80.9) 97.1 (98.7 ) 74.3 (78.3) 87.0 (63.1)
Rsym (%) (last shell) 5.7 (17.0 ) 6.9 (16.6) 7.5 (15.3 ) 5.0 (12.0) 8.5 (22.7)
I/I	 11.8 9.7 8.4 11.7 7.6
RCullis Centric 0.60 0.72 0.59 0.65
Acentric 0.58 0.75 0.56 0.60
Phasing power Centric 1.49 1.02 1.55 1.33
Acentric 2.25 1.39 2.31 2.12
Mean figure of merit 0.64
Refinement Data (20.0–2.2 A˚) and Analysis of Molecular Model
Number of reflections 45043 rms deviation bonds (A˚)/angles () 0.006/1.2
Atoms protein/water molecules 6200/305 rms deviation dihedral angles () 24.4
Rworking/Rfree (%) 18.4/22.3 rms deviation improper angles () 0.74
Mean B factors (A˚2) 12.4
Rsym  
j
i|Ii,j  Ij	|/
j
iIi,j, where Ij	 is the mean intensity of the i observations of unique reflection j. RCullis  
hkl||FPH  FP|  FH(calc)|/
hkl|FPH 
FP|, where FP and FPH are, respectively, the native and derivative structure factor amplitudes and FH(calc) the calculated heavy-atom structure
factor amplitude. Phasing power  [
hkl(FH(calc)) 2/
hkl(FPH  FPH(calc))2]1/2, where FPH and FPH(calc) are, respectively, the observed and calculated
derivative structure factor amplitudes and FH(calc) the calculated heavy-atom structure factor amplitude. Figure of merit  
P()exp(i )/

P()	, where P() is the probability distribution for the phase . Rworking  
hkl|FP  FP(calc)|/
hklFP, using 95% of all the data for structure
refinement, where FP is the observed protein structure factor amplitude and FP(calc) is the atomic model structure factor amplitude. Rfree was
calculated for a randomly chosen 5% of reflections, which were not used for structure refinement.
atoms superpose very well between PepX and cocaine an rmsd of 2.2 A˚) was also obtained with the C-terminal
Bacillus thuringiensis CryIA(a) insecticidal toxin (1ciy,esterase with an rmsd (root mean square deviation) of
1.9 A˚. Among them, 139 C atoms superpose with an [25]). The good agreement between the C-terminal moie-
ties of PepX and CryIA(a) indicates that they could sharermsd of 1.7 A˚ between C-terminal of PepX and C-ter-
minal of cocaine esterase. These two enzymes do not similar functions. Even if the function of the C-terminal
(domain III) of CryIA(a) remains unclear, the fact thatcatalyze the same reaction but these structural similari-
ties can be compared to preliminary results that indicate CryIA(a) binds to high affinity sites on the surface of
the midgut epithelial cells should be mentioned. On thethat PepX could also exhibit an esterase activity (unpub-
lished data). other hand, it has been observed by electron micros-
copy that PepX is preferentially located near the innerCocaine esterase is in fact the only other / hy-
drolase fold enzyme, besides PepX, presenting such a side of the bacterial membrane [26]. From these inde-
pendent observations, it can be hypothesized that theC-terminal domain. As in the case of the C-terminal of
PepX, the dom3 domain of cocaine esterase is involved C-terminal of PepX could also act as a tropic factor
toward the lipid membrane.in the catalytic specificity, but not through the same
elements. Nevertheless, one can focus on many struc-
tural differences between these two enzymes. First, Comparison with Known Structures of Serine
Prolyl-AminopeptidasesPepX contains 189 more residues than the cocaine es-
terase (almost a third of the size of the cocaine esterase) To our knowledge, only three structures of prolyl-amino-
peptidases have been resolved, namely proline imino-and second, 305 residues in PepX (40% of the structure
of PepX, depicted in magenta in Figure 6A) have no peptidase from Xanthomonas campestris [13], prolyl
aminopeptidase from Serratia Marcescens [15, 20], andequivalent in cocaine esterase. From this comparison,
it appears that the N-terminal domain, the lasso peptide, proline-specific aminopeptidase from Escherichia coli
[21]. The first one, XCPIP, is a low molecular weight (313the long C-terminal loop, and the extra three-stranded
 sheet are very specific to PepX. Moreover, the helical residues) monomeric serine peptidase which exhibits a
specificity toward proline residues. This enzyme foldsdomain does not match very closely the cocaine ester-
ase dom2 domain. The helical domains do not have the into two domains (Figure 6B). The larger domain shows
the general topology of the / hydrolase fold, with asame orientation in the two enzymes (Figure 6A) and
show strong differences in the residues involved in sub- central eight-stranded  sheet flanked by two helices
and the 11 N-terminal residues on one side, and by fourstrate recognition. This observation adds to the already
long list of evolutionarily related molecules belonging helices on the other side. The smaller domain is placed
on the top of the larger domain and essentially consiststo the / hydrolase fold family [1, 12, 24].
An interesting fit (102 C atoms superimposed with of a helical domain of six helices. The structure of the
Structure
1392
aminopeptidase from Serratia Marcescens (325 resi- and Tyr210 (oxyanion hole), should also be undertaken.
The role of particular elements of the enzyme (dimeriza-dues) is very close to that of XCPIP. Finally, the proline-
specific aminopeptidase from Escherichia coli (AMPP, tion interfaces, C-terminal domain, or lasso peptide)
could be clarified by such an approach.440 residues) is a metalloenzyme with a dinuclear Mn2
cluster in the catalytic site and a hydroxide ion as the Finally, the surprising structural homology between
the catalytic and C-terminal subset of PepX with cocainenucleophile. Its two-domain structure does not show
any common feature with PepX. esterase can also suggest that PepX could be a bi-
functional enzyme; this eventual esterase activity de-The structure of the prolyl oligopeptidase isolated
from porcine muscle has also been reported [14, 27]. It serves to be biochemically tested.
is a large cytosolic enzyme of 710 amino acid residues
involved in the maturation and degradation of peptide Experimental Procedures
hormones and neuropeptides. The enzyme (Figure 6C)
consists in an / hydrolase fold peptidase domain co- Crystallization and Data Collection
PepX was expressed in E. coli and purified [11]. Orthorhombic crys-valently linked to a seven-bladed  propeller, which acts
tals (space group P21212, a  92.8 A˚, b  102.6 A˚, c  101.6 A˚)by selecting the oligopeptides to be hydrolyzed, pro-
were obtained by the hanging drop method using 5%–10% PEGtecting larger structured peptides and proteins from pro-
4000 at pH 5.2 and 18C as previously described [11]. There is one
teolysis in the cytosol. molecule in the asymmetric unit, with a solvent content of 56% by
Despite a low sequence homology, the / hydrolase volume. Heavy atom derivatives were prepared by soaking native
folds of all these enzymes superpose very well on the crystals in mother liquors containing concentrations of 1 to 23 mM
of the different reagents. Data for the native and for each of thecatalytic domain of PepX (Figures 6B and 6C). More
heavy atom derivatives were recorded on a Mar Research imageprecisely, 140 C positions superpose between the
plate system at room temperature with a wavelength of 0.92 A˚ onstructures of PepX and proline iminopeptidase, with an
beamline DW32 at LURE, Orsay, France. All the data were processed
rmsd of 2.1 A˚ (Figure 6B), and 189 C positions super- using the MOSFLM package and the CCP4 program suite [32, 33].
pose between the structures of PepX and prolyl oligo-
peptidase, with an rmsd of 2.0 A˚ (Figure 6C). The side
Structure Determination and Refinementchains of catalytic residues, in particular, have quasi-
The structure of PepX was solved at 2.2 A˚ using four heavy atom
identical positions when compared by superposition of derivatives. The positions of the highest heavy atom sites were
the His residues. But the nature and position of the revealed by isomorphous difference Patterson, and additional sites
residues defining the specificity pocket and the oxy- were found from difference Fourier maps. Heavy atom parameters
were refined with MLPHARE [34]. The calculated phases set hadanion hole are specific to each enzyme.
a figure of merit of 0.64, which was improved to 0.78 by density
modification (solvent flattering) with the program DM [35]. Chain
tracing was done into the resulting DM electron density map. ModelBiological Implications
building was performed with alternate cycles of manual refitting in
O [36, 37] and simulated annealing and individual isotropic B factor
The crystal structure of PepX provides a model of the refinements using CNS [38]. Simulated annealing omit maps and
peptidase family S15. It is also the first four domain / (3Fo-2Fc) maps were computed for rebuilding. The resolution was
extended gradually to 2.2 A˚, and 305 water molecules, in positivehydrolase fold enzyme and the biggest aminopeptidase
difference Fourier peaks higher than 3 , were added. The finalspecific for proline described to date. This homodimer
electron density is of good quality except for the last three C-terminalpresents original structural elements like the N-terminal
residues, which have a weak density.
domain, the long C-terminal loop, the lasso peptide, and The refined model shows an R of 0.184 and an Rfree of 0.223
the extra three-stranded  sheet. (calculated using 5% of the data randomly chosen) to 2.2 A˚ resolu-
For a long time, X-PDAPs from Lactococci and Lacto- tion. It includes residues 1–763 and contains 305 water molecules
for each protomer. The quality of the structure was verified with thebacilli were unique and their biological function is still
PROCHECK program [39]. The geometry is good, as revealed bya matter of discussion. Recently, several genomes of
rms values for bond lengths and angles which are 0.006 A˚ and 1.2,bacteria belonging to the genera Streptococcus have
respectively. Ramachandran plots [40] show that 89% of nonglycine
been fully sequenced [28–30], revealing around 50% and nonproline residues are in the most favorable regions and 10.4%
identity between X-PDAPs protein sequences from in the additional allowed regions. The catalytic Ser348 is in the
Streptococci and Lactococci (Figure 1). In particular, generously allowed region with three other nonglycine residues. The
atomic coordinates have been deposited in the Protein Data Bankcatalytic residues are well aligned and the very distinc-
(access code 1LNS). Data processing, heavy atom phasing, andtive helical domain is conserved. However, X-PDAPs
model refinement statistics are summarized in Table 1.from lactic acid bacteria are dimeric, intracellular en-
Figures 2, 3A, 3D, 4, 5, and 6 were generated with MOLSCRIPT
zymes from safe organisms whereas those from Strepto- [41, 42]. Figures 3B and 3C were drawn with GRASP [43].
cocci are described as monomeric, anchored to the cell
wall [31], and are supposed to play a role in pathogenic-
Acknowledgmentsity. The structure of PepX will give new insights to the
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careful rereading of this manuscript.the growth of pathogenic Streptococci is thus strongly
suggested. The classical approach of the construction
of mutants in order to understand the role of the residues Received: April 22, 2002
implicated in the catalysis and in the substrate recogni- Revised: June 26, 2002
Accepted: July 10, 2002tion, specially Tyr380 (stacking with the substrate Pro)
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Accession Numbers
The atomic coordinates of PepX have been deposited in the Protein
Data Bank (access code 1LNS).
